We propose a three-dimensional ͑3-D͒ tube model consisting of a sequence of connected two-gate blobs for an ion channel and a microtube of a molecular motor. Due to the competition effect between two gates ͑or sinks͒ on the same blob surface, the escape pathway for the Brownian particle inside a blob is selected by these two gates owing to gate modulation. Furthermore, there exists a nonzero net flow inside the 3-D tube and this unidirectional flow is strongly dependent on the selectivity of the escape pathway for the Brownian particle inside each individual blob. In this context, the Brownian particle moves unidirectionally without any applied external fluctuation forces and the entire process is entropy driven.
I. INTRODUCTION
The unidirectional motion of a Brownian particle inside a tube ͑nanotube or microtube͒ in biomolecular systems has attracted considerable general current interest. The activity of many biological systems including motor protein 1 in microtubes and ions in ion channel protein 2 exhibits nonzero net flow in one dimension. Ion channel protein, for example, conducts ions through a natural nanotube and the ionic motion is based on two fundamental processes such as permeation and gating behavior. In general, channels open and close stochastically, allowing ionic current to flow from one side of a membrane to the other side, 3 i.e., permeation. On the other hand, motor protein shows a similar unidirectional motion inside a microtube without any applied external fluctuation forces. In fact, the gating process in real protein is based upon protein conformational change ͑or protein largescale fluctuation͒. Similarly, gating behavior also occurs in a ligand recombination process of heme protein and enzyme reaction.
In order to study the unidirectional Brownian motion inside a tube, a model ideally contains a 3-D tubular structure. In the present paper, we examine a 3-D tubular structure consisting of a sequence of connected two-gate blobs separated by bottlenecks. 4 This junctional bottleneck between two jointed blobs is regarded as a gate 5 whose equation of motion obeys an arbitrary time-dependent gate function. Basically, except the gating process, in the blob model there exists a fundamentally important two-dimensional entropy potential surface. 6 The blob model of a 3-D tube then contains a connected entropy potential surface that provides an important driving force for permeation.
Our blob model of a 3-D tube contains a periodic asymmetric angular entropy potential surface with fluctuating barrier heights that are governed by gating behavior. It should be noted that the fluctuating barrier height or gating behavior is controlled by protein dynamics without any applied external fluctuation forces. The well-known molecular motor model suggested by Magnasco, 7 however, requires a periodic asymmetric one-dimensional potential with the application of external fluctuation forces. In the present paper, we show that a nonzero net flow exists inside our 3-D tube model when the periodic set of blobs has a different blob size and different gate modulation frequency. This proves that an entropy-driven mechanism can exist in an ion channel and a microtube for motor protein.
II. TWO-GATES MODEL
First we should consider the process of a Brownian particle escaping from a spherical blob in which the particle is initially thermal distributed ͑see Fig. 1͒ . On the blob surface, there are two punctures that act as gates. The gate modulation 8 is governed by protein conformation change or protein fluctuation. Furthermore, the motion of the Brownian particle inside the blob satisfies a 3-D Smoluchowski equation
where ⍀ is the solid angle that originates from the blob center and R is the blob radius. Here the term describes the surface reaction and can be solved by the self-consistent method. 6 In general, the Brownian particle diffuses inside the blob with a diffusion constant D 0 and is bounced back from the blob surface until it reaches the gates. More precisely, the Brownian particle can only escape through the gates. Now we turn to consider the boundary condition. Since only the gates can absorb the Brownian particle, the rest part of the blob surface acts as a reflecting wall. 
where H is the Heaviside step function and r is the unit vector that originates from the blob center to the blob surface. i (t) is the modulation function of gate i. Furthermore, the gates when they are opened can absorb the Brownian particle with the reaction rate constants k i,0 ͑iϭ1,2 for gates͒. When there exists only one gate or one of the gates is closed, Eq. ͑2͒ is simplified to
for gate i ͑iϭ1 or 2͒. Equation ͑3͒ is a generalization of the traditional radiation boundary condition to include a timedependent polar angle i (t). The related one-gate escape rate obtained in our previous paper 6͑c͒ is
when k i,0 →ϱ. Here the radial term n 0 0 (R) is the thermal distribution of the Brownian particle at rϭR. In Eq. ͑4͒, the radial and surface reaction parts are separated. Hereafter the rate constant is rescaled by the characteristic time D ϭR 2 /D 0 . Having defined the model and modulated radiation boundary condition, we now show the escape time for the Brownian particle escaping from the two-gate blob. Following the self-consistent method suggested by Sheu and Yang, 6͑c͒ for two perfect absorption gates, i.e., k 1,0 , k 2,0 →ϱ, we can obtain the total escape time as
where
and describes a surface diffusion motion on the blob surface. In obtaining Eq. ͑5͒, we first employ the formal intergral representation of n(r,t) with the surface reaction term acting as a source term. Substituting the formal solution of n(r,t) into the modulated boundary condition Eq. ͑2͒, by using the self-consistent method, we can solve the term. Putting the solved term back to the integral representation of n(r,t), we can obtain a time-dependent particle distribution inside the cavity. Then the escape time that is defined as the survival time of the Brownian particle inside the cavity can be extracted from the Laplace transform of the particle distribution. The factors F 0 Ϫ1 and n 0 0 (R) can be explained with the following entropy potential surface.
III. ENTROPY POTENTIAL SURFACE AND ENTROPY-DRIVEN ESCAPE PROCESS
Our task in this section is to explore the escape process via the entropy potential surface that exists in the blob model and is useful to construct our tube model. We first omit the surface reaction term in Eq. ͑1͒ and reexpress it in a spherical coordinate as
The physical origin for a Brownian particle escaping from a blob stems from the entropy potential surface Ū that can be obtained by transforming Eq. ͑7͒ into a two-dimensional diffusion equation via the ansatz g(r,,t)ϭ2r 2 sin n(r,,t). Note that this ansatz is symmetric distribution over and satisfies the 2-D diffusion equation, i.e.,
where ␤ϭ1/k B T, T is temperature, and k B is the Boltzmann constant. This means that the particle motion inside a threedimensional spherical blob can be mapped into a stochastic motion on a two-dimensional entropy potential surface ͑Fig. 2͒,
where VϭϪk B T ln (r/R) 2 and UϭϪk B T ln sin . The escape process can then be explained as the Brownian particle initially situated at position (r,)ϭ(0,/2), and subsequently moves downward along the r axis to the blob surface. This process is driven by the radial entropy potential and the cor- FIG. 1 . Schematic representation of a two-gate blob. The Brownian particle is initially thermal distributed inside the blob. On the blob surface the punctures represent the gates. In the spherical coordinate, r denotes the radial coordinate, is the polar angle, and is the azimuth angle. The modulation of the gates is controlled by the polar angles 1 (t) and Ϫ 2 (t), which are in the ranges of 0р i (t)р i,max , where iϭ1,2.
responding radial Boltzman distribution induced by V is n 0 0 (r)ϭ3(r/R) 2 . Hence n 0 0 (R) is equal to 3. At the cross section rϭR, the Brownian particle climbs the angular entropy potential surface ͑AEPS͒ U toward the gates or sports. This surface diffusion behavior is depicted by F Ϫ1 . Hence, the factors in Eqs. ͑4͒ and ͑5͒ are related to the entropy potential surfaces. Moreover, since the gates may fluctuate in time, the barrier heights along U part also fluctuate in time, i.e., fluctuating activation energies. This completes the proof that the escape process is actually entropy driven.
IV. COMPETITION EFFECT AND INDIVIDUAL ESCAPE RATE
We turn next to examine the competition effect between two gates on the same blob surface. Since the gate is regarded as sink in diffusion-controlled reaction systems, two nearby gates on the same blob surface exhibit a strong competitive effect. When both the maximum gate-opening angles 1,max and 2,max are small and are different in size, the total escape rate in Eq. ͑5͒ can be manipulated into a simple form as
͑10͒
We arrive at the upper bound of the total escape rate as
Here the one-gate escape rate in Eq. ͑4͒ is equal to
for gate i. The equal sign in Eq. ͑11͒ is satisfied when these two gates are static, or these two gates have the same size and also the same modulation frequency. An example for the two-gate escape process can be given as follows. Assuming that the first gate has its gate function 1 
͒, ͑13͒
when D Ӷ1. When D ϭ0, i.e., gate 2 is static, the competition effect vanishes. It is clear that in this case there exists an explicit competition effect between these two gates when they differ in modulation frequency. The question now is how to determine the individual escape rates for the Brownian particle passing through gate 1 and gate 2 in the two-gate system with the competition effect. Since the information that we have is the one-gate escape rates k i,0 escape and the total escape rate k 0,tot escape of the twogate system. In order to deal with the individual escape rate in the two-gate system, we have to resolve the competition effect. The strategy that we suggest is to allow an equal participation of the competition effect and to supplement it to k 1,0 escape and k 2,0 escape . First of all, we measure the competition effect via the quantity The most probable situation is ⌬Ͻ0, i.e., the destructive competition or slowing down the total escape process. Applying the branching diagram method suggested by Hirschfelder et al., 9 we obtain the individual escape rates in the two-gate system as With the above equations we find that k 1 ϩk 2 ϭk 0,tot escape . This means that k 1 and k 2 are adequate as the description of the escape rates. Meanwhile, one can also show that the individual escape rate is slowed down due to ⌬Ͻ0. In this context, when k 1 k 2 , the escape pathway for the Brownian particle is selected by these two gates due to the gate modulation that is determined by protein fluctuation.
V. ENTROPY-DRIVEN UNIDIRECTIONAL FLOW
Having obtained the individual escape rate, we now can examine the transition rates between two connected blobs FIG. 2. Two-dimensional entropy potential surface. The spots at the cross section of r/Rϭ1 represent the gate parts. The spot size corresponds to the maximum gate-opening angle. The Brownian particle, which is initially situated at (r,)ϭ(0,/2), diffuses downward along the r axis and then climbs the barriers in the axis until it reaches the spot parts.
that share the same junction gate ͑see Fig. 3͒ . We define c j ϭblob j and g j being the gate between c j and c jϩ1 . The transition rates at the junction gate g j are
and
Here the superscript ϩ͑Ϫ͒ denotes the transition from c j (c jϩ1 ) to c jϩ1 (c j ) and k g j ,0 c j (k g jϪ1 ,0 In what follows, we shall examine the net flow in the blob model of a 3-D tube, which consists of a sequence of infinite asymmetric periodic units ͑see Fig. 3͒ . In particular, for example, each unit contains three blobs. Note that the number of blobs in each unit can be generalized to any number larger than two. Assuming that in each unit all of the gates has different gate size and modulation frequency. Then, the probability distributions P j ( jϭiϩ1,...,iϩ3) of the Brownian particle inside c j at unit i satisfy the master equations,
By solving Eq. ͑19͒, it is verified that the net flows passing through every gates, due to the periodic structure, are all the same and are given by
Ϫ , the net flow at any gate is nonzero and hence the current flows unidirectionally. It is clear in this study that the molecular motor is entropy driven and does not require the application of any external fluctuation forces. Moreover, we would like to stress that there is an additional concrete explanation for the unidirectional flow. By using the existing entropy potential surface for two-gate blob in Fig. 2 or Eq. ͑9͒, the periodic asymmetric AEPS of our blob model of the 3-D tube is constructed in Fig. 3 . The gate fluctuation induces the fluctuating barrier height in the AEPS. The escape pathway of the Brownian particle is selected by the fluctuating activation energy. Therefore, a periodic asymmetric AEPS induces a nonzero net flow inside the 3-D tube. Our AEPS differs from the well-known molecular motor model suggested by Magnasco. 7 The periodic asymmetric potential in his model is of enthalpy origon and requires the application of external fluctuation forces. However, the potential in our 3-D tube model is of entropy origon and does not require any applied external fluctuation forces. Note in particular that the gate fluctuation or the fluctuating barrier height in our model is regulated by protein dynamics.
VI. CONCLUSION
In summary, the escape process for a blob with two gates is entropy driven and the Brownian particle escape pathway is selected by these two gates due to the gate regulation. Based on the two-gate blob system, we have constructed a 3-D tube model that consists of a sequence of connected two-gate blobs. Our result suggests that the net flow in the 3-D tube is nonzero. Although our 3-D tube model only requires spatial asymmetric periodic AEPS and gating behavior without any applied external fluctuation forces, we anticipate further improvements through the electric field on the enhancement of net ionic flow. 
